During many key biological processes, exocytosis is confined to distinct regions of the plasma membrane. Spatial control of exocytosis correlates with altered membrane skeleton dynamics and assembly of local membrane microdomains. These domains act as local stages for the assembly and the regulation of molecular complexes (targeting patches) that mediate vesicle-membrane fusion. Furthermore, local activation of signaling pathways reinforces formation of these patches and might effect global repositioning of the secretory pathway toward sites of localized exocytosis. 
Introduction
Exocytosis, the fusion of intracellular membrane vesicles with the plasma membrane, occurs constitutively in all eukaryotic cells and is upregulated in some cell types in response to extrinsic stimuli (e.g. neurotransmitters and hormones). Membrane fusion is mediated by soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptors (SNAREs) found on transport vesicles (v-SNAREs) and their target membrane (t-SNAREs) [1] . In addition to the soluble proteins a-SNAP and NSF, which are responsible for the dissociation of SNARE complexes, several signaling molecules, cytoskeletal components and plasma-membrane-associated proteins and lipids have been implicated in the control of membrane fusion [2] .
Spatial control of exocytosis underlies many key biological processes ( Figure 1 ). In neurons, exocytosis of secretory granules and vesicles is confined to the synaptic cleft and takes place within a millisecond time frame [2] . During immune surveillance, contact between an antigen-presenting cell (APC) and a cytotoxic T cell leads to formation of the immunological synapse, and vesicle transport of soluble agents and membrane proteins is confined within this zone of cell-cell contact [3] . During cell migration and wound healing, exocytosis is tightly coupled to local changes in plasma membrane tension and membranecytoskeleton dynamics [4] . During cell division, localized exocytosis is thought to mediate ingression of the cleavage furrow [5, 6] . Development of cell polarity is accompanied by directed exocytosis at specialized sites of membrane growth [7] .
Here, we review recent evidence and dissect the spatial control of exocytosis as a process that relies on a number of factors: molecular cues that define membrane domains for localized exocytosis; local assembly and regulation of molecular complexes (targeting patches) that mediate membrane fusion; and cytoskeleton tracks and membrane carriers that connect the trans-Golgi network (TGN) with targeting patches of the plasma membrane.
Molecular cues and membrane domains regulating spatial control of exocytosis
Spatial control of exocytosis implies that vesicle fusion does not occur randomly on the plasma membrane. With the advent of evanescent wave microscopy, also termed 'total internal reflection fluorescence microscopy' (TIR-FM), single vesicle fusion events have been imaged and analyzed for constitutive and regulated exocytosis, which are considered to either require or not require a specific signal for vesicle fusion, respectively. Although constitutive exocytosis in COS-1 cells appears to occur all over the ventral plasma membrane with no preferred sites of fusion [8] , constitutive exocytosis in PtK2 cells is nonrandom and fusion events are spatially constrained within micron-sized 'hot spots' [9 ] . TIR-FM imaging of regulated secretion in neurons and neuroendocrine cells has clearly revealed sites, termed 'active zones', at which repeated vesicle docking and fusion occur [10, 11] . Evidence for spatially restricted sites of constitutive exocytosis is supported by clustering of t-SNARE (syntaxin 4) proteins in the plasma membrane of BHK cells [12 ] . Similar to their syntaxin counterparts in neurosecretory PC12 cells, maintenance of these clusters of syntaxin 4 depends on cholesterol and might reflect sites of preferential vesicle docking and fusion.
The minimal protein machinery required for exocytosis (i.e. the SNARE proteins) interacts with phospholipids [13] and is associated with cholesterol-dependent ('lipid-raft') membrane microdomains [12 ,14] . However, spatial control of exocytosis might not be specified only by clustering of SNARE proteins in lipid rafts. External positional cues that alter intramembrane and membrane-skeleton dynamics within particular regions of the plasma membrane appear to be involved in several examples of localized exocytosis (Figure 1 ).
During synaptogenesis in murine hippocampal neurons, clusters of neural adhesion molecule NCAM180 are trapped at the site of two contacting neurites [15 ] (Figure 1a) . NCAM-mediated cell-cell adhesion not only stabilizes initial contacts between neurites but also restricts Golgi-derived organelles to those cell-cell contacts via the membrane-skeleton protein spectrin [15 ] . Synaptic cell adhesion molecule (SynCAM), a brain-specific synaptic adhesion molecule with a cytoplasmic tail that interacts with PDZ-domain proteins, has also been shown to induce synapse formation in hippocampal neurons and in nonneuronal cells [16] . Synaptic size and strength can be further modulated by neural activity, which induces redistribution of b-catenin into spines, where b-catenin mediates the association of another cell adhesion molecule, E-cadherin, with the actin cytoskeleton [17] .
Similarly, during formation of the immunological synapse (Figure 1b) , small-scale clusters of T-cell receptors (TCRs) interact with the corresponding peptide-MHC complexes on the APC, initiating signaling pathways that lead to the conversion of the cell adhesion molecule b2-integrin (LFA-1) into its high-avidity form, and the recruitment of talin, which mediates b2-integrin association with the actin cytoskeleton [18] . In the mature immunological synapse, exocytosis is confined to an outer domain of adhesion molecules separate from the central cluster of proteins involved in TCR signaling [19] . In addition to talin, the actin-binding protein ezrin and the actin polymerization factor coronin-1 also appear to be involved in formation of a distinct domain of cytoskeleton-anchored transmembrane proteins at the periphery of the contact zone [20] .
The role of membrane-skeleton domains in restricting sites of exocytosis is also exemplified in polarized growth -dependent cell-cell adhesion, and initially, is spatially confined within detergent-insoluble puncta of E-cadherin (light blue). However, the exocyst is restricted later to the tight junction as cells become more polarized. Overall, specialized molecular complexes (e.g. the exocyst [Sec6/8] complex, SNARE proteins) are assembled within distinct membrane domains to achieve localized delivery and fusion of intracellular vesicles. These domains appear to be the result of local changes in intramembrane and membrane-skeleton dynamics.
of Saccharomyces cerevisiae. In haploid cells, bud site selection, which leads to formation of the daughter cell, correlates with assembly of a cortical patch of proteins with specialized functions (see below) adjacent to the preceding bud site. Assembly of this patch is temporally controlled by cell-cycle-dependent expression of genes such as AXL2 [21] , and is thought to be spatially defined by septins, novel components of the membrane skeleton that form a ring structure before cytokinesis [22 ] (Figure 1c ). The cortical patch comprises Bud3p, Bud4p, Axl1p and the transmembrane protein Axl2p (reviewed in [22 ] ). The cytoplasmic domain of Axl2p binds Bud5p [23] , a GDP/GTP exchange factor for the Ras-like GTPase Bud1p, which, in turn, interacts with upstream regulators (Cdc24p and Cdc42p) of the actin cytoskeleton [22 ] . Moreover, the GTP-bound form of Cdc42p associates with Sec3p [24 ] , a spatial landmark for the assembly of the exocyst (or Sec6/8 complex), a multicomponent complex (Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p and Exo84p) localized to sites of bud growth [25, 26] . Sec3p was recently found to interact with Iqg1p, which also appears to be involved in bud-site selection through its interaction with Bud4p [27 ] . Localization of Sec3p is independent of the actin cytoskeleton and other components of the exocyst, but subsequent polarization of the actin cytoskeleton may contribute to the assembly of the exocyst [28] , which has also been implicated in the cell separation of Schizosaccharomyces pombe during cytokinesis [29] .
In polarizing epithelia, plasma membrane recruitment of the exocyst requires Ca 2þ -dependent cell-cell adhesion, and is spatially confined within detergent-insoluble puncta of E-cadherin [30] (Figure 1d) . Similarly, in non-motile fibroblasts, the Sec6/8 complex is restricted to sites of cell-cell contact, where it co-localizes with adhesion molecules and actin-associated proteins [31] . In fully polarized epithelia, the Sec6/8 complex localizes to the lateral plasma membrane [30, 32, 33 ], and antibodies against Sec8 inhibit vesicle fusion with the basal-lateral, but not apical membrane [30] . Vesicle fusion has yet to be examined at sites of cell-cell contact, but the overall molecular picture is reminiscent to cadherin-mediated synaptogenesis in hippocampal neurons (see above; [15 ] ) where the Sec6/8 complex is localized to the presynaptic membranes of newly formed synapses [34] .
Although assembly of the exocyst appears to correlate with extrinsic and intrinsic positional cues (e.g. cadherinmediated cell adhesion and cell-cycle-dependent gene expression) and local rearrangements of the membrane skeleton, how it interacts with the SNARE machinery is unknown. Recent studies indicate that the exocyst belongs to a wider family of 'quarterfoil' molecular complexes including the conserved oligomeric Golgi complex (Sec34/35 complex) and the Golgi-associated retrograde protein complex (Vps52/53/54, also known as Vps53), which act as molecular tethers for vesicle docking before SNARE-mediated fusion with target membranes [35 ] . Hence, in concert with the SNARE machinery or independently, the exocyst might specify sites of vesicle docking and fusion at membrane-skeleton patches of the plasma membrane.
Assembly of targeting patches: local machineries and global regulators
According to the SNARE hypothesis, specificity of membrane fusion is determined by physicochemical properties of SNARE proteins (v-/t-SNARE pairing), which can be further modulated by their distribution within distinct subcellular compartments and by their interaction with regulatory proteins [36] . In addition, exocytosis can be spatially controlled by differential distribution of SNARE proteins within distinct domains of the plasma membrane. Evidence for this type of mechanism comes from studies of exocytosis in polarized epithelia. Plasma membrane t-SNARE proteins syntaxin 3 and 4 are confined to the apical and basal-lateral surfaces of polarized epithelial cells, respectively [37, 38] . Three-dimensional imaging of post-Golgi vesicle traffic reveals that exocytosis of basallateral marker proteins occurs exclusively within the upper regions of the lateral membrane [33 ] . By contrast, apical marker proteins do not fuse anywhere within the basal-lateral membrane. However, upon microtubule disruption apical marker proteins appear to fuse with the basal membrane, correlating with unconfined relocalization of syntaxin 3 throughout the apical and basal-lateral domains of microtubule-disrupted cells [33 ] .
How is exocytosis of basal-lateral marker proteins confined to the upper regions of the lateral membrane while syntaxin 4 occupies the entire plane of the membrane? Strict localization of the Sec6/8 complex to the apex of the lateral membrane [30, 32] hints at its importance as a spatial regulator of exocytosis, and is consistent with its role in exocytosis at the tip of the daughter bud of S. cerevisiae in which t-SNARE proteins (Sso1p, Sso2p and Sec9p) are uniformly distributed over the mother-daughter cell surface [39, 40] . It should be noted that Kreitzer et al. [33 ] observed the Sec6/8 complex throughout the lateral membrane, but this difference with previous studies has yet to be reconciled. Aside from the Sec6/8 complex, fusion of membrane vesicles with the lateral membrane could be regulated by SNARE-interacting molecules such as the mammalian homologue of the Drosophila tumor suppressor protein Mlgl (lethal [2] giant larvae). The phosphorylated form of Mlgl is localized to the lateral membrane of polarized MDCK cells, where it physically interacts with syntaxin 4 [41] . SNARE complex assembly is regulated by the Sec1/ Munc18 (SM)-related proteins and Rab GTPases [2] . SM proteins bind to the amino-terminal domain of syntaxins (syntaxin 1-4), and thus regulate interaction of that domain with the central SNARE motif, which is responsible for the formation of a SNARE core complex [42, 43] . Masking of the central SNARE motif by its most amino-terminal domain results in an inactive or closed SNARE conformation. Accumulation of Sec1p at sites of active exocytosis in budding yeast (i.e. at the tips of small buds, or at mother-daughter necks [44] ) and restricted localization of Munc18-2 to the apical membrane of polarized epithelia where it interacts with syntaxin 3 [45] suggest that these proteins might participate in the spatial control of exocytosis. SM proteins are further subjected to phosphorylation (by protein kinase C and cyclin-dependent kinase 5) and their interaction with syntaxins is modulated by the Rab3 effector RIM, and possibly through other SM-interacting molecules such as Mints (also known as X11-like proteins), adaptor proteins of conserved carboxy-terminal PTB and PDZ domains, and the Doc2 (double C2) family of proteins that contain Ca 2þ -and phospholipids-binding domains (reviewed in [2] ).
In addition to their interaction with SM proteins, Rab GTPases and other small GTP-binding proteins of the Ras superfamily (e.g. Ral and Rho) interact with the exocyst and may impose spatial control on SNARE complex assembly and/or function (Figure 2a) . In budding Budding of vesicles from the Golgi complex (pale blue) and their transport along the cytoskeleton (orange) can be influenced by the same molecular events that trigger and reinforce the assembly of a targeting patch. Rho family GTPases (dark orange; RhoA, Rac1, Cdc42) are activated during cadherin-mediated cell-cell adhesion, and Cdc42 has been shown to influence protein export from the Golgi complex. In addition, cadherin-mediated cell adhesion induces stabilization of the microtubule minus ends; and during the formation of the immunological synapse, the MTOC (orange) is drawn vectorially to sites of cell-cell contact (dashed arrow).
yeast, the exocyst component Sec15p interacts with the GTP-bound form of Sec4p, a Rab protein associated with secretory vesicles [46] . In mammalian cells, the GTPbound form of Ral was recently shown to associate with Sec5p [47, 48 ] . Disruption of Ral expression and function results in disruption of exocyst assembly [48 ] , random distribution of basal-lateral marker proteins over the entire cell surface of polarized epithelia [48 ] , and suppression of regulated exocytosis in synaptosomes [48 ] and PC12 cells [49] . In fibroblasts, inhibition of RalA binding to Sec5p prevents formation of filopodia [50] . Finally, Rho1 in its GTP-bound form also interacts with the exocyst component Sec3p, and rho1 mutant alleles affect localization of the exocyst in the budding yeast [51 ] .
Receptor-activated signaling is also likely to affect localized exocytosis. During receptor-stimulated activation, lipid products such as phosphatidylinositol 4,5-bisphosphate (PIP 2 ) and phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) are asymmetrically distributed within the cytoplasmic leaflet of the plasma membrane. PIP 2 and PIP 3 interact with proteins that effect cytoskeleton assembly and with molecules involved in membrane fusion during regulated exocytosis (see the review by Bankaitis and Morris, this issue). Interestingly, the Sec6/8 complex has been shown to co-immunoprecipitate with signaling and Ca 2þ -transport proteins [52] , but how lipid asymmetry and signaling cascades are linked to localized exocytosis is unclear.
Cytoskeleton tracks and membrane carriers make the connection
While a targeting patch marks the site of exocytic membrane fusion, transport vesicles that depart the Golgi complex must be directionally oriented toward the plasma membrane and sites of restricted exocytosis. Although vesicles could slowly reach their final destination by random diffusion, imaging of post-Golgi traffic indicates that vesicles travel towards the plasma membrane along curvilinear paths that overlap with microtubules [53] . In addition, proteins that are destined to different domains of the plasma membrane (apical versus basal-lateral) travel within separate membrane carriers [9 ] . Transport of secretory vesicles is also coupled to the orientation of the actin cytoskeleton in budding yeast [40] , where bundles of actin filaments (actin cables) transverse mother-daughter cell (bud) cytoplasm and converge on sites of active exocytosis [54] .
Selectivity in transport vesicle delivery could be achieved by the following mechanisms: first, distinct groups of cargo proteins are individually packaged into single vesicles (protein sorting); and second, through their interaction with molecular motors, vesicles travel along cytoskeleton tracks to connect with targeting patches at the plasma membrane. Protein sorting during export from the Golgi complex is well documented and several signals have been identified to interact with clathrin adaptor protein complexes, presumably toward the formation of distinct vesicles [55] . How these signals result in sorting of specific proteins into vesicles and in polarized exocytosis is unclear, but post-Golgi vesicle transport depends on the microtubule motor protein kinesin [56] and a novel kinesin protein (KIF13A) has been shown to interact with the AP-1 adaptor complex [54] . In budding yeast, the actin motor protein Myo2p drives movement of secretory vesicles along actin cables [40, 54] , and myosin II is also implicated in the release of vesicles from the TGN of mammalian cells [57] .
Budding of vesicles from the Golgi complex and their transport along the cytoskeleton could be influenced by the same molecular events that trigger and reinforce the assembly of a targeting patch (Figure 2b ). Hence, activation mechanisms (e.g. cadherin-activated signaling) for localized exocytosis (e.g. neuronal, immunological synapse) would bear upon mechanisms of protein sorting and vesicle budding at the TGN [58] . Rho-family GTPases (RhoA, Rac1 and Cdc42) are activated during cadherin-mediated cell-cell adhesion [59] , and Cdc42 has been shown to influence exit of basal-lateral marker proteins from the Golgi complex [60, 61 ] . Protein kinase D is also suggested to regulate fission from the TGN [62] . Furthermore, during formation of the immunological synapse, the microtubule-organizing center (MTOC) is drawn vectorially to the site of cell-cell contact [63 ] , and cadherin-mediated cell adhesion induces stabilization of the microtubule minus ends [64] . Organelles of the late secretory pathway (e.g. the Golgi complex and the endocytic recycling compartment) are positioned along the MTOC, and the microtubule motor protein KIFC3 appears to act synergistically with dynein for proper positioning of the Golgi complex [65] . Therefore, the entire secretory apparatus might reorient toward sites of localized exocytosis in a fashion similar to the orientation of the mitotic spindle during cell division.
In addition to classical pathways of exocytosis, novel routes of vesicle transport are now being discovered. In the Drosophila imaginal disk epithelium, novel exocytic vesicles, termed 'argosomes', are derived from the basallateral membrane and travel long distances through the disk epithelium [66 ] . In dendritic cells, vesicular-tubular structures that emanate from lysosomes appear to dock and fuse with the plasma membrane [67 ] . The rediscovery of the lysosome as a secretory organelle and its role in calcium-dependent exocytosis of nonsecretory cells [68 ] blur the distinction between constitutive and regulated exocytosis. In addition, a new type of vesicles, termed 'enlargosomes', was recently implicated in the calcium-induced exocytosis of secretory and non-secretory cells [69] . Hence, in future studies, it will be interesting to see how these non-classical routes of membrane traffic connect with plasma membrane domains of localized exocytosis.
Conclusions
Spatial control of exocytosis correlates with altered membrane-skeleton dynamics and assembly of local membrane microdomains of distinct structural and functional organization. These domains act as local stages for the activation of signaling pathways, which contribute to the formation of a targeting patch and could effect global repositioning of the secretory apparatus. Most of this model derives from studies in tissue culture cells and from paradigms of regulated exocytosis. Thus, it remains unclear if in a living organism constitutive exocytosis obeys similar rules and mechanisms. Does constitutive exocytosis represent a specialized case of regulated exocytosis? If yes, why is it important to confine membrane fusion within distinct regions of the plasma membrane? Real-time imaging of vesicle fusion on cell-free bona fide plasma membranes should allow the molecular dissection and reconstitution of localized exocytosis. Furthermore, much has to be gained from the study of new proteins that until recently were the unknown components of vesicle fusion and transport. Overall, spatial control of exocytosis requires the understanding of molecular mechanisms that identify localized sites of membrane fusion, and how they are linked to intracellular mechanisms of vesicle targeting and fusion. Intergrading outside-in cues and inside-out paths of exocytosis will greatly aid our current understanding.
Update
The role of cytoskeleton tracks in constitutive exocytosis was demonstrated recently by a study showing that disruption of microtubules not only alters the shape and directionality of membrane vesicles but also reduces the efficiency of the fusion process (an increase in the number of incomplete fusion events was observed as more fusion events were required for the discharge of cargo proteins into the plasma membrane) [70] . According to the same study, disruption of the actin cytoskeleton decreased the average time that a vesicle was docked to the plasma membrane, but had no gross effect on vesicle transport and fusion [70] . On the same topic, transport of two distinct populations of vesicles, both of which are targeted to the apical membrane of epithelial cells, was shown recently to occur in two distinct modes (along actin tracks and in an actin-independent fashion), depending on their cargo proteins and their association with actin-binding motor proteins [71] .
A flurry of recent papers has revisited the role of the Sec6/ 8 complex in regulated exocytosis, and new studies have attempted to pinpoint the role of localized exocytosis in cell division. In Drosophila, mutations in the ecocyst subunit Sec5 inhibited neuronal growth, but had no effect on synaptic transmission [72] . This observation further suggests that vesicle fusion at the neuronal synapse is mechanistically distinct from vesicle fusion during neurite growth. However, in a different type of regulated exocytosis, the Sec6/8 complex assembles at the plasma membrane of fat cells in response to insulin, and its presence appears to be required for the translocation of the insulin-responsive glucose transporter Glu4 from intracellular membranes to the cell surface [73] . Finally, a recent study indicated that a SNARE-mediated membrane fusion event is required for the final step of cytokinesis (abscission), when the midbody, a cytoplasmic bridge that connects two daughter cells, is torn apart [74] .
